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ABSTRACT 
Nyblade, AA. and Pollack, H.N., 1993. Can differences in heat flow between east and southern Africa be easily 
interpreted?: Implications for understanding regional variability in continental heat flow. Tectcmophysics, 219: 257-272. 
We address the extent to which regionat variations in continental heat flow can be interpreted, making use of a heat ffow 
data set from east and southern Africa. The first-order observation deriving from these heat flow measurements is a 
common pattern characterized in both regions by Iow heat flow in Archean cratons and higher heat flow in younger mobike 
belts. Two regional differences between east and southern Africa are superimposed on this common heat flow pattern: (1) 
heat flow in the Tanzania Craton is about 13 mW m-’ lower than in the Kalahari Craton, and (2) heat flow in the 
Mozambique Belt in east Africa is about 9 mW m -’ lower than in the southern African mobile belts, within about 250 km 
of the respective Archean cratons. The differences in heat flow between east and southern Africa suggest that the thermal 
stntcture of the lithosphere beneath these regions differs somewhat, and we attempt to resolve these differences in 
tithospberic thermal structure by examining four explanations that could account for the heat flow observations: (I) 
diminished beat flow in shallow boreholes in east Africa; (2) less crustal heat production in the regions of lower heat flow; 
(3) thicker lithosphere beneath the regions of lower heat flow; (44) cooler mantle beneath the areas of lower heat flow. We 
find it difficult to interpret uniquely the heat flow differences between east and southern Africa because available 
constraints on crustal heat production, crustal structure, lithospheric thickness and mantle temperatures are insufficient to 
discriminate among the possible explanations. Hence, extracting significant information about lithospheric thermal structure 
from regional heat flow variations requires more ancillary geochemical and geophysical info~ation than Africa presently 
offers. 
Introduction 
Since the first beat flow measurements were 
made five decades ago (Benfield, 1939; Bullard, 
1939) more than 20,000 additional measurements 
have accumulated (Poliack et al., 1990). These 
data have refined the estimate of the Earth’s 
mean heat lass and given insight into first-order 
variation in oceanic and continental heat flow. 
On the continents, significant advances in under- 
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standing in&de (1) the recognition that heat 
flow varies with tectonic age and l~thospheri~ 
thickness Kraskovski, 1961; Lee and Uyeda, 1965; 
Polyak and Smirnov, 1968; Sclater and Franche- 
teau, 1970; Chapman and Furlong, 1977; Sclater 
et aI., 1980; Morgan, 1984; Ballard and Pollack, 
1987; NybIade and Polfack, 19931, and (21 recog- 
nition of the linear relationship between surface 
heat flow and crustal heat production (Roy et al., 
1968; Birch et al., 1968; Lachenbruch, 19701, 
which has given rise to the concept of heat flow 
provinces and helped to explain some of the 
regional variation in Continental heat flow in 
terms of upper crustal heterogeneity. The pur- 
pose of the present paper is to investigate whether 
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continental heat flow data sets can yield signifi- 
cant additional information beyond these first- 
order generalizations. Do regional heat flow data 
sets, along with ancillary geophysical and geo- 
chemical data, provide sufficient constraints to 
address variations on the first-order themes de- 
scribed above? 
We address that question by focusing on east 
and southern Africa because there heat flow 
measurements define a common first-order heat 
flow pattern but also show clear regional variabil- 
ity. The first-order heat flow pattern suggests that 
the gross thermal structure of the lithosphere 
beneath east and southern Africa is similar (Bal- 
lard and Pollack, 1987; Nyblade et al., 1990); 
however, the variations in heat flow superim- 
posed on this common pattern suggest that there 
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may also be some differences in the thermal 
structure of the lithosphere between these two 
regions. Specifically, we wish to determine if vari- 
ations in the heat flow pattern between east and 
southern Africa can be easily interpreted to show 
in what ways the thermal structure of the litho- 
sphere may differ between these two regions. We 
first briefly describe the first-order heat flow pat- 
tern in east and southern Africa on which the 
regional variability is superimposed, and review 
our interpretation of this first-order pattern. 
First-order heat tlow pattern 
The southern African subcontinent is a com- 
plex Precambrian terrain that comprises two simi- 
lar tectonic regions, east and southern Africa. 
7 
b 
Fig. 1. (a) Map of east and southern Africa showing the locations of heat flow sites (solid circles) in relation to the principal 
Precambrian tectonic units. The Kalahari Craton is comprised of the Zimbabwe and Kaapvaal Cratons sutured by the Archean 
Limpopo Belt. The box shows the area represented in (b). (b) Map of heat flow sites (solid circles) in relation to the major 
Phanerozoic rift valleys and Archean cratonic nuclei. 
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The geology of these regions is characterized 
largely by Archean cratonic nuclei (the Tanzania 
Craton in east Africa and the Kalahari Craton in 
southern Africa) surrounded by Proterozoic mo- 
bile belts. During the Phanerozoic the mobile 
belts in both regions were fractured by several 
episodes of rifting. Figure 1 shows the location of 
heat flow sites in east and southern Africa in 
their tectonic setting. Heat flow measurements 
have been made in all the major Precambrian 
terrains in southern Africa, except the Mozam- 
bique Belt to the northeast of the Kalahari Cra- 
ton. In east Africa heat flow measurements are 
principally from the Tanzania Craton and 
Mozambique Belt. Measurements from the rift 
valleys were made in the Luangwa, Zambezi and 
Eastern (Kenya) rifts, and additionally there are 
some measurements from the Mesozoic exten- 
sional sedimentary basins along the east African 
coast. Detailed descriptions of many of the heat 
flow measurements can be found in Nyblade et 
al. (1990), along with references to measurements 
made by other investigators. 
The first-order regional heat flow pattern com- 
mon to both east and southern Africa is shown in 
Figure 2a and b, where heat flow is plotted as a 
function of distance from the margin of the re- 
spective Archean cratons. The pattern is charac- 
terized by low heat flow in the interiors of the 
cratons and higher heat flow in the surrounding 
mobile belts. In southern Africa, heat flow 
in the center of the Kalahari craton is about 40 
mW me2 and increases to around 65 mW me2 
on average in the mobile beIts (BalIard et al., 
1987; Nyblade et al., 1990). In east Africa, heat 
flow in the Tanzania Craton is 34 mW m-* on 
average and increases to about 60-70 mW rnF2 
in the mobile belts (Nyblade et al., 1990). 
The common heat flow pattern clearly suggests 
that the gross thermal structure of the litho- 
sphere in east and southern Africa is similar, 
Nyblade and Poilack (1993) and Ballard and Pol- 
lack (1987) argued that this heat flow pattern is 
attributable to much thicker (a 100 km) litho- 
sphere beneath the Archean cratons than be- 
neath the mobile belts. They showed with ther- 
mal models that thick cratonic lithosphere im- 
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Fig. 2. (a) Heat flow vs. distance from the Kalahari Craton 
margin. The parallel lines encompass 92% of the data and 
serve only to highlight the general trend of increasing heat 
flow away from the cratonic center. (b) Heat flow versus 
distance from the Tanzania Craton margin. The solid circles 
are heat flow measurements from the Mozambique Belt within 
250 km of the Tanzania Craton Margin. Measurements from 
Cenozoic rift valleys are not shown. The dashed parallel lines 
are the same as the solid parallel lines in (a) and serve as a 
visual reference. 
requires more mantle heat to escape through 
adjacent thinner mobile belt lithosphere. Thus, 
surface heat flow is diminished in areas with 
thicker lithosphere (cratons) and augmented in 
areas with thinner lithosphere (mobile belts). 
Regional variability in heat flow between east and 
southern Africa 
In addition to the first-order regional heat 
flow trend, the regional differences in heat flow 
between east and southern Africa are also appar- 
ent in Figure 2. By comparing heat flow between 
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the Tanzania and Kalahari Cratons, as well as 
between the mobile belts in east and southern 
Africa it is clear that (1) heat flow in the Tanza- 
nia Craton (34 f 4 @em) mW m-‘1 is lower than 
in the Kalahari Craton (47 i 2 @em) mW m’“2) 
by about 13 mW rne2, and (2) heat flow in the 
Mozambique Belt within 250 km of the Tanzania 
Craton (4’7 + 4 (semII mW rnd2) is about 9 
mW m-’ lower than heat flow in the southern 
African mobile belts within 250 km of the Kala- 
hari Craton (56 f 4 @em) mW m-2). 
To determine whether or not we can resolve 
the variations in the thermal structure of the 
lithosphere associated with these regionaf heat 
flow differences, in the following sections we pro- 
pose four explanations for the heat flow differ- 
ences and examine each one to determine which, 
if any, can reasonably account for the observa- 
tions. Three of the four explanations can be at- 
tributed either to variations in crustaf heat pro- 
duction or to variations in mantle heat flow. The 
diagrams in Figure 3 illustrate these three expla- 
nations and will serve as a “flow chart” far this 
study; each will be discussed in turn as we exam- 
ine the explanations. 
Diminished heat flow in shallow boreholes in east 
Africa 
The first explanation that we examine, not 
illustrated in Figure 3, is that few heat flow in the 
Tanzania Craton and Mozambique Belt, deter- 
mined from relatively shallow boreholes, is un- 
representative of the regional heat flow and 
therefore the average of the measured heat flaws 
is shifted downward. For example, it has been 
noted that the average heat flow in boreholes less 
than 150 m deep in the Tanzania Craton is 24 + 3 
tsem) mW mU2, in contrast to an average of 
43 i 2 (sem> mW mP2 in the deeper boreholes 
from the craton fNybfade et al., 19901. These data 
could be interpreted as suggesting that heat flow 
determined in the shallower boreholes is dimin- 
ished from regional values, and that heat flow 
from the Tanzania Craton would not be signifi- 
cantly different from the Kalahari Craton, if all 
measurements in the Tanzania Craton were from 
deep boreholes. 
Column A Colomn B carumn C 
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Fig. 3. Diagrams i~~ust~t~ng explanations for heat flow differ- 
ences between east and southern Africa. (a) Variations in 
crustal heat production. The columns show how the depth 
distribution of crustal heat production may vary and the effect 
on surface heat flow. Column A =“normal” crustal heat 
source distribution; Column B = enriched upper crust; Col- 
umn C= thicker upper crust. A,, A,, and A, are heat 
p~du~ion in the upper, middle and tower crust, respectively. 
(b) Thicker lithosphere beneath regions of lower heat flow. 
Mantle heat flow is diverted from beneath regions of thicker 
lithosphere to regions of thinner lithosphere. (c) Cooler sub- 
lithospheric mantle temperatures (and lower mantle heat flow) 
beneath regions of lower surface heat flow. 
Groundwater movement and surface tempera- 
ture changes are obvious candidates that could 
cause a lower heat flow in shallower boreholes by 
lowering near-surface temperature gradients. 
However, we find little evidence for either 
groundwater movement or surface temperature 
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changes in the borehole temperature measure- 
ments; temperature gradients in shallow bore- 
holes do not show the characteristic curvature 
indicative of groundwater flow or surface temper- 
ature changes, Furthermore, heat flow in the 
deeper boreholes from the Tanzania Craton does 
not show an increase with depth, nor do the 
shallower boreholes in the Mozambique Belt yield 
systematically lower heat flow than deeper bore- 
holes, as in the Tanzania Craton. In the absence 
of persuasive evidence that near-surface tempera- 
ture gradients are perturbed at measurement sites 
with shallower boreholes, we reject this explana- 
tion. 
Crustal heat production 
Variations in the total amount of heat gener- 
ated in the crust between the Tanzania and Kala- 
hari Cratons, and also between the Mozambique 
Belt and the southern African mobile belts, would 
provide a simple explanation for the regional 
heat flow differences. Heat produced in the crust 
comes primarily from the decay of unstable U, Th 
and K isotopes. To calculate the total amount of 
heat generated in the crust, estimates are re- 
quired of how heat pr~uction is distributed in 
the crust with depth. The distribution of heat 
pr~uction with depth in the continental crust 
has been the focus of considerable discussion in 
the literature. Figure 3a illustrates two ways in 
which the depth distribution of crustal heat pro- 
duction can vary: (1) the concentration of heat 
producing isotopes in a crustal unit can differ 
(Fig. 3a, Column B), or (2) there can be differ- 
ences in the thickness of crustal units (Fig. 3a, 
Column 0. 
In this section we attempt to estimate the 
depth distribution of crustal heat production in 
the cratons and mobile belts in east and southern 
Africa in order to ascertain if there are variations 
in the total crustal heat production between these 
regions. Below, we briefly discuss four common 
approaches used to estimate the depth distribu- 
tion of crustal heat production, and then try to 
use the approaches to estimate the depth distri- 
bution of crustal heat production in the cratons 
and mobile belts. 
Approaches to estimating the depth distribution of 
c~tal heat production 
Estimates from the linear heat flow-heat pro- 
ducti~n re~a~~hi~ 
This approach uses the empirica linear heat 
flow-heat production relationship observed in 
many regions around the world (e.g., Roy et al., 
1968; ~chenb~ch, 1970; Vitorello and Pollack, 
1980). In this approach, heat transfer is assumed 
to be essentially one-dimensional, the slope of 
the heat flow-heat production regression line is 
interpreted as the characteristic vertical scale 
length of the heat source distribution in the up- 
per crust, and the intercept of the regression line 
is taken as the heat flux into the base of this 
zone. 
For the past two decades this approach has 
been widely used, but the physical and geological 
significance of the linear heat flow-heat produc- 
tion relationship is currently the subject of de- 
bate. In particular, interpretations using a one-di- 
mensional model (described above) have been 
questioned by several investigators (England et 
al., 1980; Jaupart, 1983; Vasseur and Singh, 1986; 
Nielsen, 1987; Fountain et al., 1987; Furlong and 
Chapman, 1987), who show that two- and three- 
dimensional heat transfer can also give rise to an 
apparent linear heat flow-heat production rela- 
tionship under certain circ~stances, depending 
on correlation scales of crustal heterogeneities. 
Moreover, Nielsen (1987) and Furlong and Chap- 
man (1987) showed that the sIope and intercept 
of the regression line depends not only on the 
horizontal and vertical scales of heterogeneity in 
crustal heat production, but also on the correla- 
tion between crustal heat production and thermal 
conductivity. Nielsen (1987) further suggested that 
the ratio of heat production within the upper 
crustal layer to heat flow from beneath this layer 
influences the slope and intercept of the regres- 
sion line as well. Where lateral and vertical het- 
erogeneity exists in the crust, the linear heat 
flow-heat production relationship may not neces- 
sarily yield a characteristic scale length of the 
heat production distribution, and therefore the 
use of heat flow and heat production data to 
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estimate the depth distribution of crustal heat 
production becomes much more complex. 
Estimates from heat production-seismic velocity 
relationships 
A second approach to estimating the depth 
distribution of crustal heat production uses an 
empirical relationship between seismic P-wave ve- 
locity (Vi,> and heat production A (Rybach, 1976, 
1978/79; Allis, 1979; Rybach and Buntebarth, 
1982). The relationship has the general form 
In A = y - p I’,, where y and j3 are instants 
determined from a regression of A and V, data. 
Many different A-V, curves have been pub- 
lished, each based on measurements from differ- 
ent geological terrains (Rybach and Buntebarth, 
1984; Gordienko and Pavlenkova, 1985; Stegena 
and Meissner, 1985; Cermak and Rybach, 1989; 
Cermak and Bodri, 1991). 
While this approach may hold some promise 
for constraining the distribution of heat produc- 
tion within the crust, published A-l/, curves 
must be used with caution. In a general way there 
appears to be a correlation between A and VP 
for many rock types, but this empirical relation- 
ship is not well determined or understood. For 
example, data used by Rybach and Buntebarth 
(1982) to construct their A-V, curve show a 
much better correlation between A and V, for 
some rock types (granites, tonalites, amphibolites 
and pyroxenites) than for others (gabbros and 
serpentinites), suggesting that a correlation be- 
tween A and I’, may exist for some rock types 
but not for others. The large variety of A-V, 
curves published for different geologic terrains 
yield heat production estimates that can vary by a 
factor of two or more for a given V, value, 
indicating that the A-V, relationship is not 
tightly constrained. Additionally, it has been 
shown that there is no clear correlation between 
A and V, measurements for typical crustal rocks 
from some regions (Fountain, 1986; Kern and 
Siegesmund, 1989; but also see Cermak et al., 
1990). There appears to be sufficient ambigui~ 
and uncertainty surrounding the A-l/, relation- 
ship to make first-order estimates of the depth 
distribution of crustal heat production using pub- 
lished A-V, curves less than robust, and 
second-order variability unresolvable. 
Estimates from crustal structure 
Seismic velocity data can be used in a more 
general way to constrain the depth distribution of 
crustal heat production. Seismic velocity data are 
commonly used to model crustal structure, and 
variations in crustal structure between regions 
can be used to infer, in a broad way, variations in 
the depth distribution of crustal heat production 
(Fig. 3a, Column Cl. The upper crust typically 
has higher heat production than the middle crust, 
which in turn probably has higher heat produc- 
tion than the lower crust. If the thickness of 
crustal units (e.g., upper crust vs. lower crust) 
varies between regions, as determined from seis- 
mic velocities, then by assigning average heat 
production values to the crustal units, it is possi- 
ble to estimate the depth distribution of crustal 
heat production and to calculate the total crustal 
heat production. This approach varies from the 
previous one in that seismic velocities are used 
only to identify crustal units and the heat produc- 
tion values assigned to the crustal units are not 
determined by an empirical A-V, relationship. 
Estimates from lithologies 
The fourth approach to estimating the depth 
distribution of crustal heat production uses heat 
production measurements from various crustal 
rocks along with estimates of abundances of these 
rock types in the crust. These include outcrop 
samples believed to be typical of upper, middle 
and lower crustal rocks, crustal xenoliths, rocks 
exposed in crustal cross-sections, and sedimen- 
tary rocks derived from crystalline crustal rocks 
(e.g., Wilson, 1978; Iyer et al., 1984; Taylor and 
McLennan, 1985; Ashwal et al., 1987; Fountain et 
al., 1987). Crustal heat pr~uction data obtained 
from these sources provide important constraints 
on the depth distribution of crustal heat produc- 
tion for specific areas and facilitate the construc- 
tion of local crustal heat production models. It is 
difficult, however, to extrapolate these data to 
other areas because of the great heterogeneity of 
the ~ntinental crust (Kay and Kay, 1986; Foun- 
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tain and Christensen, 19891, and the wide range 
in heat production found not only between crustal 
rocks of different IithoIo~es, but afso between 
rocks of similar composition. For instance, Foun- 
tain et al. (198’7) reported heat production values 
ranging from 0.44 PW rnw3 to 3.76 ,uW mVJ for 
trondhjemite gneisses from the Pikwitonei Sub- 
province in Manitoba, and Ashwag et al. (1987) 
reported heat production values from 0.20 
FW m-3 to 6.89 ,uW rnw3 for tonalite gneisses 
from the Kapuskasing uplift in Ontario, Canada. 
Without detailed constraints on local crustal 
structure and petrology, constructing local heat 
production models using data obtained from other 
regions is problematic and will result in large 
uncertainties for estimates of the local depth 
distribution of crustal heat production. 
Despite the limitations of these approaches, 
can they be used to constrain the depth distribu- 
tion of crustal heat production in both east and 
southern African cratons and mobile be&s and 
thus enable regional comparisons? Because there 
is significantly less pertinent information from 
east Africa than southern Africa, our ability to 
compare crustal heat production between east 
and southern Africa is limited by the heat pro- 




the Tanzania Craton and Mozambique Belt. Un- 
fortunately, as we show below, there are insuffi- 
cient data from the Tanzania Craton to make use 
of any of the approaches, and for the Mozam- 
bique Belt, only two of the approaches can be 
used, 
Heat flow-heat production data from east and 
southern Africa are shown in Figure 4 and have 
been discussed in detail by Nyblade et al. (1990). 
There are only five heat production measure- 
ments on surficial rocks from the Tanzania Cra- 
ton and only two from the Mozambique Belt. 
These few data are insufficient to demonstrate 
whether or not there is a linear correlation be- 
tween heat flow and heat production in these east 
African terrains, 
Heat production measurements can aiso give 
an indication of similarities or differences in sur- 
face heat production. Although there are only a 
few heat production measurements from east 
Africa, they generally fall within the range of 
measurements from southern Africa and weak& 
suggest that at the surface heat production in the 
Tanzania and Kalahari Cratons is similar, as well 
as in the Mozambique Belt and southern African 
mobife belts. However, even though the heat pro- 
duction measurements may suggest that surface 
heat production does not differ between the Tan- 














Fig. 4. Heat flow vs. heat production. (a) Data from the Kalahari Craton (open circles) and the Tanzania Craton (solid circles). (b) 
Data from the southern African mobile belts (open circles) and Mozambique Belt in east Africa (solid circles). 
Mobile Belts 
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zania and Kalahari Cratons or between the 
Mozambique Belt and the southern African mo- 
bile belts, they provide little information about 
how crustal heat production at depth may differ 
between east and southern Africa vis-a-vis the 
linear heat flow-heat production relationship. 
Estimates from heat production-seismic velocity 
relationships 
Crustal velocity models for the Namaqua 
(Green and Durrheim, 1990) and Damara Belts 
(Baier et al., 1983) in southern Africa and for the 
Mozambique Belt @CFUSP working party, 1991) in 
east Africa can be used to constrain crustal heat 
production in the east and southern African mo- 
bile belts via an A-L’, relationship. Using the 
A-l/, relationship from Cermak and Rybach 
(1989) to convert velocities to heat production 
yields a crustal column with a surface heat flow 
of about 35 mW mP2 for the Namaqua Belt, 37 
mW me2 for the Damara Belt, and 34 mW me2 
for the Mozambique Belt away from the Kenya 
Rift Valley. The uncertainties in these estimates 
are probably + 40% or more; however, in spite of 
these large uncertainties, the similarity in seismic 
structure, and thus in the estimated total crustal 
heat production between these mobile belts sug- 
gests that the difference in heat flow between the 
Mozambique Belt and the southern African mo- 
bile belts may not arise from gross variations in 
crustal heat production. There are no seismic 
velocity data for the Tanzania Craton and so an 
A-C/, relationship cannot be used to estimate 
differences in crustal heat production between 
the Tanzania and Kalahari Cratons. 
Estimates from crustal structure 
Comparing the crustal velocity models for the 
Namaqua, Damara, and Mozambique Belts cited 
above, also shows that the thickness of intra- 
crustal layers in the three mobile belts is roughly 
the same, further suggesting that crustal heat 
production does not differ considerably between 
the mobile belts in east and southern Africa. For 
the cratons, crustal thickness estimates in the 
Kalahari Craton are between 35 and 40 km (Gane 
et al., 1956; Stuart and Zengeni, 1987) but, as 
mentioned previously, there are no seismic obser- 
vations of crustal structure for the Tanzania Cra- 
ton. Given the uniformity of crustal thickness in 
Archean cratons worldwide (Durrheim and 
Mooney, 19911, it is not unreasonable to assume 
that the Tanzania Craton crust does not depart 
significantly from the thickness of the Kalahari 
Craton crust. However, the lack of data from the 
Tanzania Craton precludes any further discussion 
of differences in intra-crustal structure between 
the Tanzania and Kalahari Cratons. 
Estimates from lithologies 
In regard to constructing local models of crustal 
heat production from representative rock sam- 
ples, there are no heat production estimates for 
xenoliths or sedimentary rocks from east Africa 
that could be used to constrain the depth distri- 
bution of crustal heat production in the Tanzania 
Craton or Mozambique Belt, nor are there any 
reported crustal cross-sections. 
Summary of crustal heat production 
In summary, similar crustal velocity models for 
the Mozambique Belt and two southern African 
mobile belts suggest that there is no difference in 
the total crustal heat production between the east 
and southern African mobile belts. However, be- 
cause corroborative evidence from surface heat 
production and petrologic information is lacking, 
it is not easy to make a robust case that differ- 
ences in crustal heat production between the east 
and southern African mobile belts do not give 
rise to the differences in heat flow. There is 
insufficient data of any kind to estimate the depth 
distribution of crustal heat production in the 
Tanzania Craton, and therefore no conclusion 
can be reached about variations in crustal heat 
production between the Kalahari and Tanzania 
Cratons. 
Mantle heat flow 
In this section we examine the possibility that 
the lower surface heat flow in some areas of east 
Africa relative to southern Africa may be due to 
lower mantle heat flow into the base of the litho- 
sphere. There are at least two possible explana- 
CAN DIFFERENCES 1N HEAT FLOW BE?CWEEN EAST AND SOUTHERN AFRICA BE EASILY INTERPRETED? 265 
tions why mantle heat flow could be lower be- 
neath the Tanzania Craton and ~o2ambique Belt 
in east Africa compared to the Kalahari Craton 
and southern African mobile belts, respectively: 
(1) the lithosphere in east Africa could be thicker 
(Fig. 3b), or (2) sub-lithospheric mantle tempera- 
tures could be lower (Fig, 3~). 
As discussed above, and illustrated in Figure 
Jb, thick lithosphere diverts the vertical flow of 
mantle heat, and therefore surface heat flow is 
diminished in areas of thicker lithosphere relative 
to areas of thinner lithosphere. Assuming that 
the spatially averaged mantle heat flux is the 
SOUTHERN AFRICA 
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same beneath east and southern Africa, can 
thicker lithosphere beneath the Mozambique Belt 
with respect to the southern African mobile belts 
and beneath the Tanzania Craton with respect to 
the Kalahari Craton explain the heat flow obser- 
vations? 
To address this question, we calculate surface 
heat Bow for models shown in Figure Sa and c. 
The modeling approach we use is described by 
Nyblade and Pollack (1993), where the litho- 
sphere is treated as a rigid, conductive lid and 
heat transfer in the convecting mantle is calcu- 
lated using an algorithm for full thermai convec- 
tion. The geometries of the models follow from 
the interpretation of the regional heat Bow pat- 
tern in east and southern Africa discussed in the 
first section, where the contrast in heat flow 
exposed c&on EAST AFRICA 
. ::::I:~:~: Lithosphere .::,d 
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Fig. 5. Thermal models for east and southern Africa. (aI Model geamet~ for southern Africa after Balfard and Polfack (1987) and 
Nyblade and Rollack (1991). fb) Heat flow measurements (circles) and modeled heat flow (curved line) for southern Africa vs. 
distance from the craton margin. (cl Model geometries for east Africa, In the initial model, the lithosphere beneath the Tanzania 
Craton is 400 km thick (solid line at the base of the craton). In the second model, the base of the lithosphere is 500 km thick in the 
center of the craton and decreases to a thickness of 400 km at the craton margin (dashed tine at the base of the craton). The 
geometry of the Mozambique Belt is the same in both models; Mozambique Belt rocks overlay 2.50 km (horizontally) of the craton, 
putting thick cratonic lithosphere under the Moz~bique Belt rocks nearest to the exposed craton margin. (d) Heat flow 
measurements (circles) and modeled heat Bow (curved lines) vs. distance from the craton margin. The soEd circIes are heat Bow 
measurements from the Mozambique Belt within 250 km of the surficial craton margin. Curve A is for the model with a craton of 
uniform thickness (400 km), and curve B is for the model with a craton having a tapered base. 
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TABLE 1 
Thermal and rheological properties for models in Figure 5 
Property Value 
Coefficient of thermal expansion 3.0x lo-’ K.-t 
Gravitational acceleration 9.8 m s-’ 
Thermal conductivity 3 W m-‘K-l 
Thermal diffusivity 1.0X 1O-6 m%-t 
Kinematic viscosity 3.0X lOi m2s-1 
Rayleigh number 8.0X 106 
Crustal thickness (constant across 
cratons and mobile belts) 4okm 
Crustal heat production 6.0X lo-’ W mm3 
Lithospheric mantle heat production 1.0X 10e8 W me3 
Sub-lithospheric mantle heat production 4.3 X lo-’ W me3 
between the cratons and mobile belts is at- 
tributed to much thicker lithosphere under the 
cratons than under the mobile belts. The models 
are two-dimensional with the craton in the cen- 
ter, far from the edges of the model to ensure 
that edge effects do not perturb the thermal 
regime within it. As the models are symmetric 
about their mid-points, we display only the right 
side of each model. The thermal and rheological 
properties used in the models are given in Table 
1. 
The model results are shown in Figure 5b and 
d, where heat flow measurements and modeled 
heat flow are plotted as a function of the distance 
from the cratonic margin. The modeled heat flow 
in the Kalahari Craton is about 40 mW me2, 
similar to observed heat flow in the interior of 
the Kalahari Craton and somewhat lower than 
the mean cratonic value of 47 mW me2 (Fig. 5b). 
In the southern African mobile belts the modeled 
heat flow is about 65 mW m-*, similar to the 
mean observed value from the southern African 
mobile belts (Fig. 5b). In the Tanzania Craton the 
modeled heat flow is somewhat higher than the 
mean cratonic value, but in the Mozambique Belt 
within 250 km of the craton margin the modeled 
heat flow is in good agreement with the heat flow 
observations (Fig. 5d). 
The results show that it is difficult to explain 
the lower heat flow in the Tanzania Craton by 
thickening the cratonic lithosphere. Increasing the 
thickness from 400 to 500 km (Fig. 5~) lowers 
heat flow from the Tanzania Craton by only about 
1 mW m-* (Fig. 5d), well short of the difference 
between heat flow in the Kalahari and Tanzania 
Cratons. Hence, thicker lithosphere beneath the 
Tanzania Craton (as compared to the Kalahari 
Craton) does not appear to be a reasonable ex- 
planation for the lower heat flow in the Tanzania 
Craton with respect to the Kalahari Craton. Even 
if the thickness of the Tanzania Craton exceeded 
500 km, it would still be difficult to obtain a 
13 mW m-’ difference in heat flow between the 
Tanzania and Kalahari Cratons from this effect. 
The lithosphere beneath the Kalahari Craton 
in the models is 400 km thick. However, mini- 
mum estimates of about 200 km for the thickness 
of the Kalahari Craton lithosphere are given by 
thermobarometry data from diamond inclusions 
(Richardson et al., 1984) and seismic models 
(Clouser and Langston, 1990). If 200~km-thick 
lithosphere is a minimum thickness for the Kala- 
hari Craton lithosphere, can a difference in litho- 
spheric thickness of between 200 km beneath the 
Kalahari Craton and 400 or 500 km beneath the 
Tanzania Craton produce the 13 mW me2 differ- 
ence in heat flow observed between the Kalahari 
and Tanzania Cratons? Our thermal models show 
that it is not likely. Surface heat flow diminishes 
appro~mately e~onentially as the lithosphere 
thickens, and so thickening already thick (200 
km) lithosphere, even by an additional 200 to 300 
km, reduces surface heat flow by only 5-6 
mW m-*. 
On the other hand, the models suggest that 
the lower heat flow in the Mozambique Belt can 
be explained by thicker lithosphere relative to 
that beneath the southern African mobile belts. 
Placing 400~km-thick lithosphere beneath the 
Mozambique Belt within 250 km of the surficial 
craton margin diminishes surface heat flow suffi- 
ciently to account for the lower heat flow. With 
such a structure, the average modeled heat flow 
in the Mozambique Belt within 250 km of the 
Tanzania Craton is 47 mW mV2, similar to the 
average observed heat flow (Fig. 5d). 
Is there other geological or geophysics evi- 
dence for thicker lithosphere beneath the Tanza- 
nia Craton and Mozambique Beit compared to 
the Kalahari Craton and southern African mobile 
belts? For the Tanzania Craton there is none, but 
for the Mozambique Belt there is some. Recent 
geofagical studies of the ~o~mbiq~e Belt in 
Tanzania and Kenya interpret this mobile beIt as 
a continent-continent collision zone ~Sha~~e~o~, 
1986; Key et al,, 1989). Structural evidence indi- 
cates that Mozambique Belt rocks are thrust to 
the west, and therefore the eastern boundary of 
the Tanzania Craton at depth may lie to the east 
of the heat flow sites in the Mozambique Belt. E 
this i~terpr~ta~o~ is corre;ct, then the ~~thos~b~re 
beneath the Mozambique l3eft may be thicker 
than beneath the southern African mobile belts 
because the Mo~am~~qne Beft is underfain by 
cratomc ~~thos~here, as shown in Figure 5~. 
However, it is possible that some of the south- 
ern African mobile belts may be ~~d~r~a~~ by 
thick cratonic lithosphere as well, If so, then to 
account for the lower heat flow in the Mozam- 
bique Belt in east Africa relative to the southern 
&%can mobile belts, the cratonic lithosphere be- 
neath the ~~zarnb~que Belt must be thicker than 
that beneatk the southern African mobile belts. 
in the light of our belay models and the 
g~o~o~~~ evidence for westward biting of 
~i~zarnb~qu~ Belt rocks onto the margin of the 
Tamania Craton, thickened lithosphere beneath 
the western edge of the Mozambique Belt r&- 
tive to the southern African mobile belts is a 
possible explanation for the lower surface heat 
flow ia this mobile belt in com~a~son to heat 
fiow in the southern Affican mobile belts, The 
same cannot be said for the lower heat flow in 
the Tanzania Craton; addi~o~a~ thickening of the 
craton lithosphere will. not like& drench heat 
flow by a s~~&~e~t amount to explain the differ- 
ence in heat Bow between the Kafahari and Tan- 
zania Cratons. 
~~er~~~~ and anatyticaf studies of rna~t~~ 
~~ve~t~o~ suggest that the base of the litho- 
sphere can e~~rience temperature variations 
(spatial and temporal on the order of a few 
h~dr~d degrees, a~rn~a~~ed by ~rres~o~ding 
stations in mantle heat flux. Such temperature 
variations are usually related to mantle up- 
wellings and downwe~~~ngs. If marrtie tempera- 
tures are lower beneath east Africa than beneath 
southern Africa, then the heat flux from the 
mantle into the base of the east African Litho- 
sphere must be smaller, and if the basal tempera- 
ture anomaly is of sufficient magnitude and per- 
sists for an adequate length of time, surfwe heat 
flow will diminish (Fig. SC), 
To examine if lower mantle temperatures (and 
heat flow) can reasonably account for the lower 
heat flow in the Ta~an~a Craton and ?v%ozam- 
b~que Belt, we have ~al~~~ated the tome-depend 
dent behavior of surface heat flow that results 
from an i~sta~tan~~s change in temperature at 
the base of a slab. The transient response of 
surface heat flow for a sudden change in temper- 
ature st the base of a slab is given by: 
where 4 is beat flow7 AT is the temperature 
change at the base of the slab, h is the slab 
~~~kne~~ k is thermaf d~~~~~~~ ic is thermal 
~~du~t~~~~ and i is time since the ~~rn~erat~re 
change occurred (Carslaw and Jaeger, 1959, p. 
99). The solution for AT = 300 K is shawu in 
Figure 6 for various dab thichess and time inter- 
vals. 
If AT = 300 K represents a reasonable upper 
timit to the size of the temperature per~rbat~o~ 
~M~Ke~~~ et af., 197% Gurnis, 1988; Gurnis and 
thong, 1991; Schi~li~g? 19911, the results in Fig- 
ure 6 show that for cratonic ~~th~phere between 
200 and km thick? a temperature decrease of 
300 K will lower surface heat flaw by fess than 1 
mW rnF2 over 100 Ma and less than a few 
mW me2 for steady-state conditions. Thus, a 
“cold spot”’ in the mantle beneath the Ta~~~~~~ 
Craton cannot readily explain the significantly 
lower surface heat Aow in this craton compared 
to the Kalahari Craton. However, similar consid- 
erations for the mobile hefts yield more promis- 
ing results. If the lithosphere beneath the 
Mo~rnbjq~e Belt in east Africa is about 100 km 
thick, then an 8 mW me2 reduction in surface 
heat flow cau be achieved after 100 Ma, snd a 
reduction of about 9 mW me2 will occur over 300 
Ma. Therefore, if lower mantle temperat~es be- 
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Fig. 6. The change in surface heat flow plotted against litho- 
sphere thickness for a 300 K step change in temperature at 
the base of the lithosphere. The numbers on the curves give 
the time in Ma elapsed since the step change in temperature 
at the base of the lithosphere occurred. A thermal conductiv- 
ity of 3 W m-‘K-t and a thermal di~sivi~ of 1~10~~ 
m’s_’ were used in this calculation. 
neath the Mozambique Belt have persisted for 
100 Ma or longer, heat flow from the mobile belt 
could be lowered by about 8-9 mW m-2, which is 
about the difference in heat flow observed be- 
tween the Mozambique Belt and the southern 
African mobile belts. 
Is it likely that upper mantle temperature 
anomalies associated with mantle convection 
could have persisted for 100 Ma or longer be- 
neath the Mozambique Belt in east Africa? There 
is little information about the integrity of mantle 
heterogeneities over long time intervals that can 
help answer this question. Anderson (1982) sug- 
gested that a large scale lower mantle tempera- 
ture anomaly beneath the location of the now- 
fragmented supercontinent Pangea has existed 
for some 200 Ma. Support for this suggestion 
comes from a region of low seismic velocities in 
the lower mantle and a positive long wavelength 
geoid anomaly that correlate with the location of 
the former supercontinent, suggesting the pres- 
ence of hotter lower mantle material (Dziewon- 
ski, 1984; Hager, 1984; Hager et al., 1985). If 
lower mantle thermal anomalies can persist for 
200 Ma, then perhaps upper mantle anomalies 
can as well. That mantle temperature anomalies 
have persisted for hundreds of millions of years is 
clearly not well established, but it is a possibility 
that cannot be ruled out. 
One possible way to lower mantle tempera- 
tures beneath the Mozambique Belt is by the 
diversion of mantle heat from beneath this region 
to the thinned and/or rifted lithosphere in east 
Africa. Just as deep mantle heat is diverted from 
thick cratonic lithosphere to the surrounding 
thinner mobile belt lithosphere, so too might 
mantle heat beneath the Mozambique Belt litho- 
sphere be diverted to the thinned lithosphere 
beneath the nearby rift valleys. The viability of 
this inte~retation rests on the transport time 
scales and chronology of the tectonic process. 
From Figure 6, the thermal perturbation to the 
base of the Mozambique Belt lithosphere must 
have begun at least 100 Ma ago to explain the 
heat flow obse~ations. Thus, the ~ive~ion of 
deep mantle heat from beneath the Mozambique 
Belt to nearby thinned lithosphere must have 
begun at least 75 Ma before rifting commenced in 
east Africa at ca. 25 Ma (Baker et al., 1972: 
Ebinger, 1989). The diversion of deep mantle 
heat from beneath the Mozambique Belt litho- 
sphere may have begun somewhat prior to the 
commencement of surface rifting, but it seems 
unlikely that the thermal perturbation at the base 
of the mobile belt lithosphere would have begun 
suf~ciently early (100 Ma) as to alter si~ifi~antly 
the present-day surface heat flow in the Mozam- 
bique Belt. 
Summary and conclusions 
Heat flow in the Tanzania Craton is lower 
than in the Kalahari Craton by about 13 mW rnF2 
and is about 9 mW m-* lower in the Mozam- 
bique Belt than in the southern African mobile 
belts at distances of up to 250 km from the 
respective cratonic margins. In an attempt to 
resolve the differences in the thermal structure of 
the lithosphere associated with these heat flow 
variations, we have suggested four possible expla- 
nations for the heat flow differences, and have 
examined each explanation to determine which 
ones can reasonably account for the heat flow 
observations. Our results are summarized below. 
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(1) Diminished heat flow in shallow boreholes in 
east Africa 
If heat flow measurements from relatively shal- 
low boreholes in the Tanzania Craton and 
Mozambique Belt are diminished from typical 
regional values, then this could account for the 
apparently lower heat flow in east Africa. 
Groundwater flow and surface temperature 
changes are obvious candidates that could cause 
a lower heat flow in shallower boreholes by low- 
ering near-surface temperature gradients. How- 
ever, there is no evidence to suggest that temper- 
ature gradients in shallow boreholes are per- 
turbed by groundwater flow or surface tempera- 
ture changes, nor does heat flow increase with 
depth in the deeper boreholes. Therefore we 
reject this explanation. 
(2) Variations in crustal heat production 
It is difficult to demonstrate how much, if any, 
of the differences in heat flow arise from varia- 
tions in the total amount of crustal heat produc- 
tion. Petrologic and geophysical data which may 
provide some constraints on the depth distribu- 
tion of crustal heat production in the Kalahari 
Craton are not available for the Tanzania Craton. 
Similar crustal velocity models of the Mozam- 
bique Belt and two southern African mobile belts 
suggest that there are no significant differences in 
the total crustal heat production between the east 
and southern African mobile belts. However, sup- 
porting evidence is not available from heat pro- 
duction measurements or petrologic data, and 
therefore it is not easy to make a robust case that 
differences in crustal heat production between 
the east and southern African mobile belts are 
not the cause of the differences in heat flow. 
Because no definitive conclusion can be reached 
presently regarding variations in crustal heat pro- 
duction between east and southern Africa, varia- 
tions in crustal heat production must remain a 
possible explanation for the heat flow observa- 
tions. Our inability to constrain the depth distri- 
bution of crustal heat production reflects the 
present state of uncertainty about crustal heat 
production generally. 
(3) Thicker lithosphere beneath the Tanzania 
Craton and Mozambique Belt 
Thermal models suggest that thicker litho- 
sphere beneath the Tanzania Craton cannot ac- 
count for more than 5-6 mW rnw2 of the 13 
mW me2 difference in heat flow between the 
Tanzania and Kalahari Cratons. Therefore, varia- 
tions in thickness of cratonic lithosphere seem an 
unlikely explanation for the heat flow difference 
between the two cratons. In contrast, geological 
evidence and results from thermal models indi- 
cate that thicker lithosphere beneath the Mozam- 
bique Belt is a possible explanation for the lower 
heat flow in the Mozambique Belt with respect to 
the southern African mobile belts. 
(4) Lower mantle temperatures beneath the 
Tanzania Craton and Mozambique Belt 
A decrease in surface heat flow of 8-9 
mW me2 from 100~km-thick Mozambique Belt 
lithosphere can be explained by a 300 K decrease 
in temperature at the base of the lithosphere 
during the last 100 to 300 Ma. However, a de- 
crease in sub-lithospheric mantle temperatures of 
a few hundred degrees beneath 200-400-km-thick 
cratonic lithosphere would not significantly alter 
surface heat flow, even under steady-state condi- 
tions. The possibili~ that upper mantle tempera- 
ture anomalies associated with mantle convection 
persist for hundreds of millions of years cannot 
be ruled out. That mantle temperatures beneath 
the Mozambique Belt have been reduced by the 
diversion of mantle heat to nearby thinned/rifted 
lithosphere is an unlikely explanation because it 
would require that the thermal perturbation to 
the base of the mobile belt lithosphere began 
about 100 Ma ago, or about 75 Ma before Ceno- 
zoic rifting began in east Africa. 
In our analysis we have treated each explana- 
tion individually. From this perspective, we show 
that it is difficult to account for the heat flow 
differences between the Kalahari and Tanzania 
Cratons with explanations (l), (3) and (4); for the 
differences in heat flow between the Mozam- 
bique Belt and the southern African mobile belts, 
only explanation (1) can be dismissed as unrea- 
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sonable. However, it is possible that the heat flow 
differences between east and southern Africa 
could also be accounted for by several of the 
explanations taken collectively. For example, the 
lower heat flow in the Tanzania Craton could 
result in part from some differences in crustal 
heat production and a somewhat thicker litho- 
sphere. In fact, many combinations of explana- 
tions (21, (3) or (4) could account for the observed 
heat flow variations. Clearly, it is not easy to 
interpret uniquely the regional heat flow differ- 
ences between east and southern Africa, and 
therefore to resolve differences in the thermal 
structure of the lithosphere between east and 
southern Africa. Subtle differences in crustal heat 
production, lithospheric thickness, and mantle 
temperatures may all contribute to the observed 
heat flow variations. 
Hence, our investigation focusing on east and 
southern Africa shows that beyond the implica- 
tions of the first-order pattern of low heat flow in 
Archean terrains and higher heat flow in the 
surrounding mobile belts, the extraction of addi- 
tional information on lithospheric thermal struc- 
ture from regional heat flow variations requires 
more ancillary geochemical and geophysical in- 
formation than Africa presently offers. This study 
underscores the difficulties in interpreting subtle 
differences in regional heat flow; the conclusions 
we reach regarding east and southern Africa sug- 
gest that such differences can only be interpreted 
with confidence in areas having sufficient con- 
straints on crustal heat production, crustal struc- 
ture, lithospheric thickness, and upper mantle 
temperatures. 
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